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Abstract 

A simple nonlocal mechanism for Einstein-Podolsky-Rosen correla- 
tions inspired by Bell's conjecture (according to which "behind the scenes 
something is going faster than light") is suggested, and an experimental 
test is proposed. 
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I. INTRODUCTION 

EPR correlations [1] are important not only due to their potential applica- 
tions in quantum computing and cryptography [2] , but also from the standpoint 
of the foundations of quantum theory [3] . Physicists are divided on this mind- 
boggling phenomenon that suggests a nonlocal connection between entangled 
particles. Some, based on experimental loopholes, believe — as Einstein did — 
that a local theory will complete quantum mechanics [4], while others consider 
that realism has to be revised [5]; a few, following John Bell, think that "be- 
hind the scenes something is going faster than light" [6]; many, agreeing with 
Asher Peres, advocate the straightforward application of the quantum mechan- 
ical formalism with no need for any metaphysical interpretation [7], and a not 
inconsiderable fraction probably simply ignores the problem [8]. Among those 
showing some sympathy for a nonlocal interaction approach are Gisin [9], and 
Leggett [10]. Bell and Bohm were very explicit about the possible existence of 
some kind of superluminal interaction [11], and the former has made it very 
clear that the assumption of a preferred frame of reference is not necessarily 
inconsistent with Lorentz transformations [12]. In this paper, inspired by the 
ideas of Bell, I will suggest a simple mechanism that might be behind these 
strange correlations and show how it could be checked. 

In an attempt to investigate Bell's conjecture, I will assume (considering a 
two-photon entangled state) that there must be some sort of wave, that I will 



call a Bell- wave (or B-wavc, for short), that propagates from the first detected 
photon (in the preferred frame) to the second, "forcing" it into a well-defined 
state (although the natural candidate responsible for the unleashing of this 
process is the detection of the first photon, other possibilities will be discussed 
in Sec. III). I will also assume, as a working hypothesis, that this B-wave can 
interact with physical objects, such as beam splitters, mirrors, phase shifters, 
polarizers and so forth, such that a nonstatic experiment might lead to totally 
different results from a static experiment. To develop this idea further, it is 
necessary to examine two important experimental tests of Bell's inequalities 
that used time varying analyzers. 

The first one, uses acousto-optical switches [13]. Entangled photons, i^i and 
1/2, from a source S can reach polarizers I and II, when the switches are in the 
transmission mode, and polarizers I' and IF, when they are in the reflection 
mode. The second uses Pockels cells (Ci and C2 in Fig. 1) and two-channel 
polarizers, one in each arm of the experimental apparatus [14]. But now, dif- 
ferently from the first experiment, the switches work randomically as opposed 
to periodically. When the cell is activated this is equivalent to a rotation of the 
corresponding polarizer. The motivation for this type of experiment is to have 
the settings change during the time of flight of the particles so that no exchange 
of signals with velocity v < c could be responsible for the violations of Bell's 
inequalities [15]. The violation of a CHSH inequality [16] indeed discarded this 
possibility. The motivation behind the experiment I want to discuss is to have 
one of the switches in one mode when the photon passes through it coming 
from the source, and in another mode when the B-wave passes through it in the 
opposite direction coming from the detector. For instance, if Ci is inactivated 
(activated) when vi impinges on it, it has to be activated (inactivated) when 
vi is detected (I am assuming that "detection" or, strictly speaking, "photon 
absorption", is an objective fact, independently of it being registered or not). 
But the changing of mode and the detection are space-like events, therefore 
their relative position in time depends on the Lorentz frame we use to observe 
them. It is easy to see (Sec. II) that there are an infinite number of frames in 
which the above condition is never satisfied. From Bell's nonlocal point of view, 
there must be a preferred frame in which one of these events really occurs before 
the other. But we do not know how to determine this frame. However, if the 
geometry of the experiment is changed so that the events become separated by 
a time-like interval, their relative position in time will be the same in all Lorentz 
frames. Now, in principle, they could be causally connected. Therefore, it is 
possible to know which event really occurred first. In the experiment repre- 
sented in Fig. 2 the light path between Ci (C2) and Di {D2) and (-D2') has 
been made longer by means of a detour, so that, in any Lorentz frame, when 
Vi (1^2) is detected Ci (C2) is already in a different state from that which it 
was in when Vi (1/2) passed through it (Sec;. Ill) (naturally, now the activation 
of the cells cannot be randomie). If {1^2) is detected first in the preferred 
frame, the B-wave goes from vi (1^2) to 1^2 (^^i)- Alternatively, we could have an 
asymmetric arrangement, in which the light path between S and D2 {Di) and 
D2' (£*!') would be made longer, so that U2 {vi) would always impinge on the 
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Figure 1: A nonstatic test of Bell's inequalities. 



polarizer after the detection of vi{v2) (Fig. 3). In this case, the B-wave would 
always go from vi {^2) to 1^2 (i^i)- If the mechanism suggested here is correct, 
we will no longer observe the correlations predicted by quantum mechanics. 

II. NONSTATIC TESTS OF BELL'S INEQUALITIES SEEN FROM 
MOVING FRAMES 



I will discuss the experiment of ref. 14, though the same argumentation can 
be used for the experiment of ref. 13. We can consider a specific situation. Let 
to = be the instant at which vi and 1^2 are emitted in laboratory frame L (Fig. 
1), tci{tc2) the instant at which Ci(C2) completely changes (after the passage 
of the photon) from the i-mode (inactivated), to the a- mode (activated), and t 
the instant at which vi and 1^2 are absorbed at detectors Di and D2 (a similar 
reasoning would be valid for D^i and )■ I will assume that when the photons 
are detected the switches are already in the a-mode. But, as can easily be seen, 
there are an infinite number of Lorentz frames in which they are still in the 
i-mode. For example, let us observe the experiment from a frame L' 

moving in the same direction as i>i with velocity v. Let — he the instant at 
which the photons are emitted in L' . Hence, the instants at which Ci and C2 
change completely are given by 



where 7 — l/-\/l — v'^/c^, x {—x) is the distance from the source S to Ci (C2), 
and I am assuming that L and L' are in the standard configuration. For the 
instants at which vi and V2 are absorbed we obtain 




(1) 



and 




(2) 




(3) 
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and 

*2= 7(^+^3^), (4) 

where x {—x) is the distance from S to Di {D2). To have vi detected before 
Ci changes to the a-mode, the condition 

t[ < t'c, (5) 

must be fulfilled, which leads, using (1) and (3), to 

.>.(i^), ,a, 

where tf = {x — x)/cis the time the photon takes to go from Ci to Di. In 
a frame moving with a velocity that satisfies condition (6) vi will be detected 
before Ci changes its state. For 1^1 to be detected before C2 changes to the 
a-mode, the following condition must be fulfilled: 

t'i<t'c.- (7) 

Since ~ we sec from (1) and (2) that (5) implies (7). (It is easy to see 
that (7) leads to v > cx (t - tc^) /Tf, where T/ = + x)/c.) 



III. A PROPOSED EXPERIMENT 



The experiment represented in Fig. 2 is different from the experiment of 
ref. 14 in two respects: there is a detour in each photon path and the switches 
work periodically. Initially, I will consider the following situation. Photon vi 
(the same reasoning is valid for V2) reaches C\ when it has just entered the 
i(a)-mode. Let At be the duration of each mode, and tf the time taken by vi 
to go from Ci to Z?i . The condition that the detection of vi really occurs after 
Ci has already completely changed to the a(i)-mode can be expressed as [17] 

M + tf<tf, (8) 

since, after the passage of the photon, Ci takes a time interval of At to change 
completely from the i(a)-mode to the a(i)-mode, and an imaginary light beam 
sent from Ci at this moment would take time tf to reach Di following a straight 
line. According to (8), this light beam would reach Di before y\. But, 

i/=*/ + f> (9) 

where y is the height of the detour. Using (8) and (9), we obtain the following 
condition that our experiment has to fulfil: 

cAt 

y>^- (10) 
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Figure 2: The proposed experiment. (The relative sizes do not correspond to 
that of an actual experiment.) 



It is also necessary that when is detected Ci has not yet returned to the 
i(a)-mode. The condition that the detection of I'l really occurs before Ci has 
already returned to the i(a)-mode can be expressed as 

tf+tf<2At. (11) 

Using (9) and (11), we also obtain 

y<cAt-ctf. (12) 

Then, (10) and (12) lead to 



But, tf ~ [x — x) / c, where x 
must also have 



tf < ^. (13) 

X is the distance between C'l and Di. So, we 

x-x<—. (14) 



Let us now consider the situation in which i^i reaches Ci just before it leaves 
the i(a)-mode. Now, instead of (8) we have tf <tf, which is always satisfied. We 
see that, if condition (10) is fulfilled, all photons, independently of the instant 
they reach Ci, will be detected after the change from the i(a)-mode to the a(i)- 
mode. On the other hand, instead of (11) we have tf + tf < At. Then using 
(9), we obtain 2y < cAt — 2ctf, which is inconsistent with (10). A possible way 
to overcome this difficulty is to try to synchronize the emission of the photons 
with the activation and inactivation of the switches, such that the photons will 
always reach the switches when they have just entered a mode. In this case, 
conditions (10), (12) and (14) will be satisfied. 

Another way to overcome the difficulty is based on a compromise solution. 
For example, let us consider the photons that reach Ci when it has already 
spent a time equal to 9At/10 in the i(a)-mode. Then, instead of (8), we must 
have 

T77+^/<*/' (15) 
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which leads, using (9), to 

Therefore, if (10) is satisfied, this is also true for (16). On the other hand, 
instead of (11) we must have 

At 

tf+tf<j^ + At, (17) 



which leads, using (9), to 
Hence, using (10), we obtain 
and 



y < - ctf. (18) 

tf < ^ (19) 

^-^<^, (20) 

which is more restrictive than (14). If conditions (10), (18) and (20) are fulfilled, 

90% of the photons will effectively reach the switches when they are in the i(a)- 
mode, and will be detected when they are in the a(i)-mode. Using logic circuits 
[14] , the other 10% of the events, that correspond to the photons that reach the 
switch when it has already spent a time greater than QAt/lO in the i(a)-mode, 
can be disregarded. 

Although I have only discussed detections at Di, it is easy to see that, if 
the distance from Ci to D^> is smaller than the distance from Ci to Di, as in 
the scheme represented on Fig. 2, then the deduced conditions contain those 
for detections at D^' . Detections "without a click" [18] are also included. With 
respect to this point, it is interesting to observe that, if D^' is in the "right" po- 
sition, the condition (20) for Di does not need to be fulfilled, since (considering 
the situation in which both photons are detected) the lack of detection at D-^i is 
equivalent to a detection at Di in the "right" position (in ideal situations, this 
is true even if Di has been removed!) It is also easy to see that the assumption 
that the B-wave is triggered by the splitting of the photon at the polarizer into 
a "photonic" and an "empty" wave — which is consistent with the pilot wave 
interpretation [19] — leads to conditions that are also contained in those that 
have been obtained. In the event of corroboration of Bell's conjecture, the pro- 
posed experiment can be modified in order to determine where and when the 
collapse of the state vector (the triggering of the B-wave, in the present case) 
takes place: in the polarizer, when the photon is split, or in the detector, when 
it is annihilated (or when it is not, if we have detection without a click). For 
this, we can place the detours between the polarizers and the detectors. If the 
results agree (disagree) with the predictions of quantum mechanics, the first 
(second) possibility is the correct one. 

In conclusion, the strong correlations displayed by twin photons, which result 
from entanglement, suggests, as strangely as this may sound, a nonlocal connec- 
tion between these photons. This point has been emphasized by Bell, according 
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to whom "behind the scenes something is going faster than light". A simple 
mechanism for this process, suggested here, can be experimentally tested by 
means of a straightforward modification of two experiments already performed 
to test the CHSH inequality. Although only qualitative predictions are being 
made, this kind of approach is not foreign to physics, and is in agreement with 
its investigative nature, the best example being the discovery of the law of elec- 
tromagnetic induction by Faraday [20]. However, for the sake of completeness, 
a simple nonlocal model that yields quantitative predictions is discussed in the 
Appendix. 



APPENDIX: A SIMPLE NONLOCAL MODEL 



The following nonlocal model bears some resemblance to the advanced wave 
interpretation [21], though now the detector that has really "clicked" first ef- 
fectively emits a B-wave. It is easier to discuss the experiment represented in 
Fig. 3. Now vi is always detected before z/2, and the conditions obtained in 
Sec. Ill are valid for it. As an example, I will consider a specific situation; 
other situations can be treated in a similar way. Both polarizers are oriented 
vertically, and the Pockels cell Ci, when activated, rotates the polarization of 
light by an angle —9. Let us represent the two-photon entangled state emitted 
by 5 as I = V)2 | | H)2 | [22]. To be in agreement with 

the quantum mechanical predictions for the static case (i.e., when Ci is perma- 
nently either activated or inactivated) I will assume that the B-wave emitted 
by Di{Dii) emerges from the polarizer in "state" \V)b=\0)b (| H)b =\ f )s) 
[23]; then, passing through Ci, it emerges either in the same state (if Ci is 
inactivated) or in state | 9)b{\ f +^)b) (if C*! is activated). In this respect, the 
B-wave behaves like an ordinary electromagnetic wave. It then goes into the 
source and emerges in an orthogonal polarization state [24]. This is the state 
into which 1^2 will be forced, if no other optical devices are on the path of the 
B-wave. I will further assume that the these rules are still valid in the nonstatic 
case. 
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Figure 3: A variant of the proposed experiment. (The relative sizes do 
not correspond to that of an actual experiment.) 



Let us then examine the situation in which vi passes through Ci when 
it is inactivated. From the standpoint of quantum mechanics the detection 
probabihties do not depend on which photon is detected first. The probabihty 
of having 1^2 detected in the state | V) is 1/2, in which case vi wiU be forced 
into the state | H) , and the probabihty of having both photons transmitted will 
be (P2i)q = 0. On the other hand, from the nonlocal point of view introduced 
here, Ci will be activated for the B-wave, since z^i is effectively detected first, 
and we will have: | V)b &)b, after Ci, and \ 0) b ^\ ^ + 0) , after S, which 
leads to (P2i)s 



i sin^ I 



References 

[1] A. Einstein, B. Podolsky, and N. Rosen, Phys. Rev. 47, 777 (1935). 

[2] The Physics of Quantum Information^ eds D. Bouwmeester, A. Ekert, and 
A. Zeihnger, (Springer, 2000). 

[3] A. Shimony, Search for a Naturalistic World View, volume II, (Cambridge 
University Press, 1993). 



[4] E. Santos, arXiv: |quant-ph/0410193| yl. 

[5] A. Zeihnger, Nature 438, 743 (2005). 

[6] Interview with J. S. Bell, in The Ghost in the Atom, eds P. C. W. Davies 
and J. R. Brown, (Cambridge University Press, 1989). 

[7] A. Peres, Quantum Theory: Concepts and Methods, (Kluwer Academic 
Publishers, 1998). 

[8] Naturally, this is not intended to be an accurate and complete description 
of the different points of view related to the conceptual consequences of 
EPR correlations. 



8 



[9] N. Gisin, arXiv: quant-ph/0503007. Quoting the conclusion of this stim- 
ulating essay: "The question 'How come the Correlation?' is not part of 
mainstream physics. But I strongly believe that it is one of the most - 
possibly the most - important for physics today." According to Gisin, the 
results of the experiments so far performed lead to the conclusion that the 
speed of a superluminal signal responsible for the EPR correlations - if it 
exists - must be greater than lO^c in the "natural" Geneva reference frame, 
and than lO^c in the "center of mass of the universe" reference frame, that 
is, in which the microwave background radiation is most isotropic. The 
procedure to obtain this last result can be found in V. Scarani, W. Tittel, 
H. Zbinden, and N. Gisin, Phys. Lett. A 276, 1 (2000). A more recent 
reference is: D. Salart, A. Baas, C. Branciard, N. Gisin, and H. Zbinden, 
Nature 454, 861 (2008). 

[10] Leggett has proposed a nonlocal model: A. J. Leggett, Found. Phys. 
33, 1469 (2003). However, it has not passed the experimental test: S. 
Groblacher, T. Paterek, R. Kaltenbaek, C. Brukner, M. Zukowski, M. As- 
pelmeyer, and A. Zeilinger, Nature 446, 871 (2007); C. Branciard, A. Ling, 
N. Gisin, C. Kurtsiefer, A. Lamas-Linares, and V. Scarani, Phys. Rev. Lett. 
99, 210407 (2007). 

[11] Interviews with J. S. Bell and D. Bohm in rcf. 6. 

[12] J. S. Bell, "How to teach special relativity", in J. S. Bell, Speakable and 
Unspeakable in Quantum Mechanics, (Cambridge University Press, 1989). 
According to Bell (ref. 6), "...the cheapest resolution [to the EPR paradox] 
is something like going back to relativity as it was before Einstein, when 
people like Lorentz and Poincare thought that there was an aether — a 
preferred frame of reference — but that our measuring instruments were 
distorted by motion in such a way that we could not detect motion through 
the aether. Now, in that way you can imagine that there is a preferred frame 
of reference, and in this preferred frame of reference things do go faster than 
light. But then in other frames of reference when they seem to go not only 
faster than light but backwards in time, that is an optical illusion." 

[13] A. Aspect, J. Dalibard, and G. Roger, Phys. Rev. Lett. 49, 1804 (1982). 

[14] G. Weihs, T. Jennewein, C. Simon, H. Wcinfurter, and A. Zeilinger, Phys. 
Rev. Lett. 81, 5039 (1998). 

[15] J. S. Bell, "On the Einstcin-Podolsky- Rosen paradox", in ref. 12. 

[16] J. F. Clauser, M. A. Horne, A. Shimony, and R. A. Holt, Phys. Rev. Lett. 
23, 880 (1969). 

[17] From an aether point of view, (8) is only a sufficient condition. It expresses 
the fact that Ci changes from the i(a)-mode to the a(i)-mode before the 
detection of vi, and that these two events are separated by a time- like 
interval. 



9 



[18] L. C. Ryff and C. H. Monken, Quantum Semiclass. Opt. 1, 345 (1999). 

[19] D.Bohm and B. J. Hiley, The Undivided Universe, (Routledge, 1993); P. R. 
Holland, The Quantum Theory of Motion, (Cambridge University Press, 
1995). 

[20] E. Whittaker, A History of the Theories of Aether and Electricity, (Dover, 
1989). 

[21] D. N. Klyshko, Sov. Phys. Usp. 31, 74 (1988) and in Fundamental Problems 

in Quantum, Theory: A Conference Held in Honor of Professor John A. 
Wheeler. (Annals of the New York Academy of Sciences, 1995). 

[22] P. G. Kwiat, K. Mattle, H. Weinfurtcr, A. Zeilinger, A. V. Sergienko, and 
Y. Shih, Phys. Rev. Lett. 75, 4337 (1995). 

[23] If the orientation of the polarizer is parallel to an arbitrary a, for example, 
the B-wave emerges in state | a||)s(| a±)B)- 

[24] If the state emitted by S were | = l/\/2(| V)2 \ V)i+ \ H)2 \ H)i), the 
B-wave would emerge from the source with the polarization unchanged. 



10 



